We report on a detailed analysis of the evolution and spatial localization of quantum-well states (QWSs) in Ag layers on a Au(111) substrate by means of high-resolution photoelectron spectroscopy combined with model calculations based on a simple particle-in-a-box picture, the phase accumulation model, and density functional theory-based slab-layer calculations. Due to the finite electron escape depth we could link the photoemission intensity of the QWS to the simulated charge-density distribution and therewith confirm the calculated localization of these states. The first QWS starts to be localized within the Ag film at layer thicknesses >7 ML.
I. INTRODUCTION
The existence or absence of electronic states next to the Fermi level of solids is of fundamental importance for many characteristic properties of the material. In addition, if the surface of the solid is taken into account, the spatial localization of such electronic structures plays a crucial role, e.g., for physical and chemical processes at crystal surfaces such as surface relaxations, 1,2 the growth of adsorbates, 3, 4 or even chemical reactivity. [5] [6] [7] Therefore it is necessary not only to study the density of states (DOS) but also the spatial charge distribution at or next to the surface. Particularly, electrons in the so-called Shockley states on the noble-metal surfaces of Cu, Ag, and Au(111) behave as free delocalized electrons along the surface plane. However, they are confined in the direction perpendicular to the surface and therefore are a model system for investigations on localized electronic structures. 4, 8, 9 Additionally, in a thin film the electrons are spatially confined between the interface to the substrate and the vacuum. Thin epitaxial noble-metal layers on a metallic substrate have become a model system for the investigation of confined electrons in so-called quantum-well states (QWSs) of layered systems such as, e.g., Ag on Cu, [10] [11] [12] Au, [13] [14] [15] Ni, 16, 17 W, 18 and Fe surfaces, [19] [20] [21] [22] Au films on W, 18, 23, 24 and Ru (Ref. 25) as well as Cu on W (Ref. 18 ) and on a Co substrate. 22, 26 An important condition for the confinement of the electrons in the film is the existence of the corresponding bulk states of the adsorbate material at a simultaneous absence of bulk states with the same symmetry in the substrate, meaning a (relative) symmetry band gap. If bulk states of the adsorbate and the substrate with the same symmetry overlap, the adsorbate electrons lose more or less their confinement and become so-called quantum-well resonances (QWRs). The discrimination between QWSs and QWRs is somehow arbitrary and the transition from one to the other is fuzzy since the definition of overlapping states allows a wide range of interpretation.
In this paper we present a systematic photoemission spectroscopy (PES) study on the energetic evolution of the electrons in sp-like QWSs and on their confinement in thin Ag/Au(111). Additionally, we performed ab initio slab-layer calculations in the framework of density functional theory (DFT) as well as model calculations based on the phase accumulation model (PAM) introduced by Pentry and Echenique 27 for illuminating the experimental findings on the energetic and spatial localization of the Ag QWS.
According to the Bohr-Sommerfeld quantization condition for the existence the of confined sp-like electrons in the Ag film, the total accumulated phase of an electron in that film has to be a multiple of 2π . This phase is binding energy dependent and given by the sum of the phase shift at the substrate-film interface C (E B ), the phase shift at the surface B (E B ), and the accumulated phase during the propagation of the electron through the adsorbed film. This results in the central equation within the PAM,
where k ⊥ (E B ) and d = Na ML reflect the perpendicular dispersion (along the -L direction in the bulk Brillouin zone) of the sp-like Ag(111) states and the thickness of a N ML Ag film with a layer distance a ML , respectively. Therefore, a systematic photoemission study of the energetic evolution of the QWS with increasing Ag film thickness allows to calculate the energy dispersion E B (k ⊥ ) of the spvalence states of Ag. This approach is the only possibility for photoelectron spectroscopy to determine electron dispersion perpendicular to the surface unless a tunable photon source is available. Additionally, one can get the energy dependence of the sum of the phase shifts on the substrate-film and filmvacuum interfaces being the starting point for the modeling of the charge-density distribution and for the analysis of QWS localization and the comparison with a particle-in-a box as well as with DFT results. According to our knowledge a direct experimental access to the QWS localization is not possible. In this paper, however, we demonstrate that the photoemission intensity of the QWS of Ag/Au(111) gives an indirect indication of the evolution of the charge-density distribution in the Ag QWS as a function of film thickness N being consistent with the calculated electron density.
II. EXPERIMENTAL DETAILS
The photoemission experiments have been performed by angle-resolved photoelectron spectroscopy (ARPES) with high-energy resolution ( E ≈ 5 meV) using a hemispherical analyzer (Gammadata, R4000) and a monochromatic He discharge lamp 28 with a photon energy of 21.2 eV. The base pressure of 1 × 10 −10 mbar increases slightly to 8 × 10 −10 mbar due to the He flow during the operation of the photon source. This and the moderate sample temperature of 60 K during the measurements reduce the aging of the surface by adsorption of residual gases while the temperature-induced broadening of surface and quantum-well states by electronphonon interaction remains small.
29-31
The Au(111) sample was prepared by standard sputtering and annealing cycles described elsewhere 29 until the binding energy and linewidth of the spin-orbit split Shockley state had reached its maximum and minimum values, respectively. Ag has been evaporated by a resistively heated Knudsen cell at 1200
• C on the Au surface. During the evaporation the sample temperature was kept at ∼200 K, followed by postannealing at room temperature. This procedure allows a reordering of the very mobile Ag adatoms and a smooth layer formation while an alloying of Ag with the Au surface is avoided.
The evaporation rate of ∼0.8 ML per minute was controlled by a standard quartz microbalance. The cleanliness and thickness as well as the quality of the Ag film has been verified by x-ray photoemission and low-energy electron diffraction, respectively. A more precise determination of the film thickness can be done directly from the spectroscopy of surface and quantum-well states as discussed below. Figure 1 shows ARPES data of the Au(111) Shockley state before (a) and after a Ag coverage of one (b) and two (c) closed monolayers. The quasi-free-electron behavior becomes obvious in the nearly perfect parabolic band dispersion in neglecting slight deviations close to the Fermi energy E F due to many-body effects. 32 In all grayscaled plots one clearly observes the L gap of Au bulk states (bright area), indicating a defect-free noble-metal interface. After Ag deposition the typical herringbone (22 × √ 3) reconstruction of the clean Au(111) (Refs. 33 and 34) visible by backfolded surface-state bands (see arrows) disappears.
III. RESULTS

A. Evolution of the Shockley state
With increasing Ag coverage N the Au surface state shifts toward lower binding energies E B,max , whereas its effective band mass m * increases. The characteristic k splitting of the bands is due to the spin-orbit coupling in Au and decreases but is still resolvable for 2 monolayer (ML) Ag/Au(111). The evolution of the Shockley state as a function of Ag film thickness is intensely discussed in the literature in terms of a potential change at the surface and an increasing Ag character due to its surface localization, 35, 36 confirmed by DFT-based slab-layer calculations. The layer-by-layer growth of Ag on Au(111) can be observed via surface-state measurements on various coverages up to N ≈ 7 ML. Figure 2 (a) shows EDCs of the surface state in normal emission (at , k = 0) together with Lorentzian fits to the experimental data. For noninteger Ag coverages N = n + x (n ∈ N,0 x < 1), one can clearly distinguish between the two energy-separated Shockley states being connected with n ML and (n + 1) ML Ag/Au(111), respectively. Thus, a quite precise Ag film thickness determination is possible by considering the surface-state intensity ratio. 15 For larger coverages N > 7 ML the further surface-state shift gets significantly smaller, meaning a less accurate separation of the nth and (n + 1)th Ag monolayer. Therefore an exact determination of the Ag-film thickness N by consideration of the respective surface states is not possible anymore. 075412-2 photoemission intensity at binding energies is >1090 meV. The increased intensity in the spectrum of the clean substrate arises from the tail of the Au(111) Shockley state. At Ag coverages N 5 ML, a unique feature becomes apparent and shifts above the Au gap edge at N = 7 ML. This unique state can be identified as the first (ν = 1) sp-like QWS of the Ag film. The surface state before this state also shifts in discrete steps to lower binding energies, indicating a layer-by-layer growth even at Ag coverages of N > 7 ML. 15 While a similar behavior is known for Ag/Fe(100) up to ∼100 ML 21 this discrete QWS shift for Ag/Au(111) is found up to 25 ML.
B. Evolution of quantum-well states
Although the Ag QWS has a nearly perfect Lorentzian line shape inside the Au band gap, there are distinct deviations close to the gap edge at N = 5,6,7 ML Ag coverages. These results give reason to the assumption of a strong influence of many-body effects which was already discussed for QWSs in Ag films on Ge(111). 38 Furthermore, the energetic overlap of the Ag QWS with the Au bulk states gives reason to speculate about a reduced photohole lifetime due to a strongly increased interaction between the Ag QWS and Au sp bands.
With increasing Ag coverage the (ν = 1) QWS shifts further into the L gap of Au(111). At a film thickness of N = 17 ML, a second QWS (ν = 2) arises within the bulk band gap and further states become obvious at higher Ag coverages. In illustration the grayscale has been adjusted to display both the surface-state dispersion and the much less intense QWS and resonances. The band gap of the Au(111) substrate remains visible as well (bright area), even at large Ag coverages. Similar to the surface states, the QWSs show a parabolic dispersion with a maximum binding energy at normal emission ( = 0). It is worth noting that their band curvature of the parabola is considerable smaller than the curvature of the Au band gap edge. Consequently the QWSs cross the bulk gap edge and become resonances as clearly seen, e.g., in the 13.5-and 19.5-ML Ag/Au(111) system for the (ν = 1) state at ≈ ±5
• and for the (ν = 2) state at ≈ ±4 • , respectively.
C. Phase accumulation model
In the following discussion we focus on the photoemission results obtained in normal emission to study the energetic evolution of the QWS. In Fig. 4 the maximum binding energy E B, max of the surface state and the QWS ν is presented as function of Ag overlayer thickness N . As discussed in the Introduction, the PAM applied to the energetic evolution of these Ag QWSs can be used for the determination of the k ⊥ dispersion [along the L direction in the three-dimensional (3D) Brillouin zone] of the Ag(111) sp-bulk state and the total phase shift tot . For different QWS ν i,j using Eq. (1) and ν = N − n, one obtains
and 
IV. SPATIAL LOCALIZATION OF THE Ag/Au(111) QUANTUM-WELL STATES
In addition to the electronic band structure of the Ag layers, one can deduce the spatial localization of the QWSs. In the following we discuss the systematic investigation on deviations of the QWS from a simple particle-in-a-box scenario by taking the phase shift into account, which was determined before. Furthermore, we present studies on its spatial evolution by DFT-based slab-layer calculations and compare the results to observations of the integrated PE QWS intensity.
A. Infinite potential well
In the simplest picture an electron of a QWS can be treated as a particle in a box of infinitely high potential barriers. In Comparison of the calculated charge density ρ ν=1 of the first QWS by DFT (bottom) with the two discussed model calculations for a particle in a box (top) and its modification due to phase-shift considerations (middle) for various Ag coverages N . Note that the Bloch-like oscillations due to the periodic atom layers are added. For thicker films the results of the extended particle-in-a-box model as well as the DFT calculated charge density become more symmetric and converge to the (ν = 1) state of an infinite potential well. expansions or Ag film thicknesses. Note that the Bloch-like oscillations due to the periodic Ag layers in the films are added for clarity. An enlargement of the Ag coverage causes an expansion of the potential well and of the state, which becomes more and more uniformly distributed in the Ag film. However, the symmetry with respect to the center of the Ag layer remains unchanged for all coverages N .
Due to the fact that the two potential barriers of the Ag film (toward the Au substrate and vacuum) are neither infinite nor identical, and the phase of the QWSs show a significant binding energy E B dependence [compare C (E B ) + B (E B ) in Fig. 4 ] the very simplified model has to be accurately adjusted.
B. Consideration of phase shift C and B
In the considered binding energy region 1090 meV > E B > 370 meV and for Ag coverages >5 ML, the change of the potential barrier and therefore the change of the induced phase shift at the Ag layer-vacuum interface is negligible and B (E B ) ≈ const. For simplicity, we adhere to the infinite barrier between the Ag layer and vacuum and fix B (E B ) = −π . However, the barrier on the Au substrate and Ag film becomes finite and determines the phase-shift dependence C on the binding energy E B of the QWS.
Hence, the charge density ρ ν (z) = | ν (z)| 2 of the Ag QWS is a function of binding energy E B being itself dependent on the Ag film thickness N , as discussed before. It can be calculated by taking into account the determined phase shift C [E B (N )] (see Fig. 4 ) as well as the matching condition of wave function ν (z = 0) and its derivative
| z=0 at the Ag/Au interface. In Fig. 5 the results of the charge-density distribution of the (ν = 1) QWS for different Ag film thicknesses N are presented as solid lines. Note that within these PAM results the formation of bound states is only possible for N 7 ML. Whereas the state according to the model of the infinite potential well is always completely localized in the Ag film, there are significant differences for the same state obtained by the modified model. Especially for small Ag coverages N < 15 ML a non-negligible fraction of the charge density ρ ν=1 is localized inside the Au substrate. Only at larger Ag film thicknesses (e.g., N = 19 ML) the (ν = 1) QWS obtained by both models are similar and (almost) completely localized in the Ag layers.
C. Slab-layer calculations
In order to get a deeper insight into the energetic evolution and into the spatial localization of the QWSs, we carried out ab initio DFT-based slab-layer calculations within the generalized gradient approximation (GGA) using the VASP code. [42] [43] [44] [45] For modeling the Ag-layer systems on a Au(111) surface a periodic slab has been constructed consisting of at least 25-ML Au with N Ag adlayers and a vacuum region of 25Å separating the slabs. Further details of the calculations including slab relaxation can be found in Ref. 14. Figure 5 shows the obtained DFT results (bottom panel) on the bulklike electronic state with the smallest binding energy at the point of the surface Brillouin zone.
14 They are compared with the infinite potential well model (top panel) and its modification due to the phase accumulation model (middle panel) for a variety of different Ag film thicknesses N. The DFT results are illustrated as the plane-averaged charge-density distribution ρ(z) = | (z)| 2 of the respective energy eigenvalues. 14 The envelope of the charge density is superposed on layer spaced oscillations due to the Bloch-like character. At low coverages the state is delocalized over the whole Au slab and only a small fraction lies within the Ag film. With increasing Ag thickness the state gradually shifts out of the Au bulk and carries more weight inside the Ag layers. At larger Ag layer thicknesses the envelope of the charge density takes the shape of a true (ν = 1) QWS and is comparable with the results discussed before. Below N ≈ 7 ML the state is situated within or next to the energy range of Au bulk states and therefore not identifiable as a Ag QWS. It is worth noting that this result is consistent with the experimentally determined Ag coverage at which the (ν = 1) QWS develops in the Au bulk band gap. It should also be mentioned, that the distinct feature at the Ag-vacuum interface is not a surface state but the contribution of the QWS to the charge density at the surface.
D. Quantification of QWS localization
As a measure of the QWS localization one can consider the fraction of charge in the Ag film p Ag . This is determined by the normalized charge-density distribution ρ(z) using
The lower integration limit z 0 = 0 is fixed to be the interface between the Au substrate and Ag film. Due to the fact that the upper limit is not realizable for a final slab, the integration is aborted since the charge density beyond the surface vanishes. In Fig. 6 the fraction of charge of the first QWS inside the Ag p Ag is displayed as function of film thickness N . Since for the model of a infinite potential well the complete charge is localized in the Ag layers for all thicknesses (dashed line), the results considering the PAM as well as the DFT calculations show distinct thickness dependences. Only with increasing Ag layers N the fraction of charge within the film converges to the limit p Ag (N → ∞) = 100%.
For a better illustration of the QWS localization, Fig. 6 (a) shows the Ag coverage dependence of the maximum position z max and the center of charge z c being calculated by
In the case of an infinite potential well, both the maximum position and the center of charge coincide within the middle of the Ag film, resulting in a gradient of
. The finding from the quantum-well model considering the energy-dependent phase shift C (E B ) shows a significant discrepancy for small Ag films but an asymptotic convergency to the values of the infinite potential for thicker films. Furthermore, the DFT calculated results are included. Here, the center of charge and maximum position show a crossing of the Au/Ag interface z = 0 at 8 and 10 ML, respectively. For larger Ag layers the gradient dz dN
is in agreement with the value for the infinity potential well. The only difference is a constant offset due to the nondisappearing charge fraction in the Au substrate.
Both the maximum position of the charge distribution and the center of charge with z max > 0 and z c > 0, respectively, can be used as unique criteria for the determination of the evolution of QWS from resonant states. According to that, one can determine the formation of the (ν = 1) QWSs within the DFT calculations since the energy criterion fails, as discussed before. We get critical Ag layer thicknesses of N ν=1 = 8 and 10 ML for the maximum position and center-of-charge criterion, respectively, being in agreement with the experimental result of 7 ML. Furthermore, analogous calculations on the second (ν = 2) QWSs have been performed and result in a critical Ag layer thickness of N ν=2 = 19 ML for its formation, similar to our spectroscopic determined value of 17 ML. Although an experimental determination of the spatial localization of electronic states within and above a surface is possible, e.g., in terms of scanning tunneling microscopy (STM), 46 we are not aware of a method for directly measuring the state localization inside a film or a hidden interface. However, the PES permits an indirect access due to its surface sensitivity, as demonstrated in the following. The initial point is the escape depth or the inelastic mean free path λ of photoelectrons being in the order of magnitude of only a fewÅ. It depends on their kinetic energy E kin but is nearly constant for different materials within the universal curve. 47 For the detected energy region of the Ag QWSs, we have E kin ≈ 16 eV and used λ = 4 ML, being in agreement with the experiment value of 10Å or 4.32 ML for Ag(111). 48 Therefore, the photoemission final state f (z) can be approximated to be an exponentially damped function independent of all Ag coverages N on the Au(111) substrate.
In a first-order approximation the photoemission intensity I is determined by the integrated charge density weighted by the exponentially decreased probability of photoelectron escape 47, 49 and one gets
Thus, for differently localized states ν,N (z) but with the same symmetry (here sp like), the PES detects different intensities being suitable to gain information about the QWS localization of the Ag/Au(111) interlayer system. For this we determined the integrated PES intensity of the QWS resulted from a fit of several Lorentzian peaks on the EDCs at normal emission for different Ag layer thicknesses as shown in Fig. 7 (a) for a N = 45 ML thick film. We normalized all spectra to the respective surface state which does not show a significant change at Ag coverages N > 7 ML, as shown before. The Ag film quality and its surface exhibit different defect densities due to marginally varied preparation conditions. Contrary to the linewidth and the binding energy position the integrated intensity change of the surface state is negligible. 30 Therefore, a direct comparison of the PES intensity of QWS on different Ag film thicknesses is possible. Figure 7 (b) displays the integrated and normalized intensity of the QWS ν = 1, . . . ,5 as function of Ag coverage N . It is obvious that the intensity of the states increases with the quantum number ν at a given film thickness. Furthermore, the data for a fixed ν at N > 10 ML show a continuously decreasing photoemission intensity with increasing Ag coverage approving the evolution of QWS delocalization within the Ag film. For comparison we added the calculated curve progression according to Eq. (6) for the electrons in an infinite potential well. This simple model reproduces the experimental data for thicker Ag films with a significant deviation for Ag coverages N < 11 ML. The reduced photoemission intensity of the (ν = 1) QWS for coverages N < 11 ML indicates an enhanced delocalization of the state into the Au substrate being not described within the infinite potential well model.
We performed calculations in the same way for the (ν = 1) QWS intensity according to the asymmetric potential well due to the PAM. In Fig. 8(a) the results are displayed together with the experimental data as well as with the results within the infinity potential well model calculations. One observes deviations between the two models only for lower Ag coverages and finds a better agreement of the experimental values with the extended model even for thinner Ag films. Particularly, the increased QWS delocalization for lower coverages is here more accurately reproduced. Figure 8 (b) shows a comparison between the photoemission intensity concerning the (ν = 1) QWS and the results according to the slab-layer calculations and Eq. (6) . The agreement of the experimental values and theory is obvious. In particular, the calculations accurately describe the rediminishment of the intensity for Ag coverages N < 11 ML. Thus we conclude that the calculated charge density of the QWS ρ ν=1,N (z) approaches its real localization within the Ag film. Nevertheless, an absolute confirmation of the spatial evolution of the (ν = 1) QWS or even its direct determination by photoemission 
V. CONCLUSION
To summarize, we performed a detailed investigation on the evolution and spatial localization of quantum-well states in Ag layers within the L gap of a Au(111) substrate. Therefore we utilized high-resolution photoelectron spectroscopy and its surface sensitivity in combination with calculations of a particle in a box, the phase accumulation model and DFT-based slab-layer calculations. To our knowledge this is, even though indirect, a technique to determine the spatial localization of electronic states within a solid film.
The measured photoemission intensity variation of the QWS originating from different film thicknesses, caused by the finite electron escape depth and spatial localization of the charge density, matches the according simulation based on DFT slab-layer calculations. Herewith we could confirm the calculated charge-density distribution and discriminate quantum-well states and quantum-well resonances by the criterion of center of charge z c or maximum position of the charge density z max . The film thickness when z c or z max starts to be localized within the Ag film matches the ∼7 ML when the first QWS appears within the L gap in photoemission data.
